Botrytis cinerea is one of the most common plant pathogenic fungi that affects a wide range of greenhouse horticultural products and decreases their market value. B. cinerea can strongly decrease yield and post-harvest quality through latent infections. It is a highly water dependent fungus and a certain leaf wetness duration seems necessary for spore germination. However, during germination before building of the inocolum durations of dryness (desiccation) can kill the spores. To avoid grey mould disease incidence, the relative humidity set point is generally kept low. This costs high amounts of energy through dehumidification by heating and ventilating the greenhouses. Therefore, to control grey mould with climate control in a more specific way to save energy, a mathematical model simulating the microclimate in the greenhouse crop was used. The model calculates durations of leaf wetness and leaf dryness. The prediction of leaf wetness incidence is based on modelled leaf temperature at different locations in the crop and the dew point temperature. Duration of leaf wetness (i.e. time to dry out) is computed from the energy balance of latent heat on the leaf surface. Climate control is then optimised for energy saving and grey mould prevention. In the present paper, a simulation study was performed to test the performance of the model on greenhouse microclimate and energy saving. Simulations with a set of yearly reference climate data of Denmark showed high amounts of energy saving.
INTRODUCTION
In modern greenhouse climate control systems, options for energy saving with dynamic climate control are usually implemented. In those regimes (e.g. temperature integration), greenhouse ventilation is reduced to the minimum. However, humidity control is a limiting factor in those energy saving regimes (Körner and Challa, 2003b) and growers often adopt a strongly risk-averse management strategy, with frequent calendarbased fungicide applications (De Kraker et al., 2000) . In the present situation, humidity is controlled to a relative safe level by ventilation and heating. This means that controlling humidity can counteract energy saving within dynamic temperature regimes (Körner and Challa, 2003b) . One of the major reasons for humidity control is the avoidance of Botrytis cinerea incidence. In practice, B. cinerea in ornamentals is next to climate control actions usually also controlled with fungicides. However, their use is often restricted through development of fungicide resistance by the pathogen (Köhl et al., 2000) , negative side effects of fungicides on plant growth, or visible residuals on plant surfaces (Henseler, 1981; Köhl et al., 2000) or environmental issues. Research resulted in model based decision support systems (DSS) (De Kraker et al., 2000; De Kraker et al., 1999; Tantau and Lange, 2003) . Those approaches used models of Botrytis epidemiology, from which decisions on various control measures were taken. However, the focus of these DSSs was on a more directed application of fungicides rather than an improvement of the climate control strategies. A dynamic microclimate model based regime that calculates set points for the greenhouse climate computer based on fungus biology can improve that. One of the major characteristics of B. cinerea is the dependance of germination and infection from leaf wetness duration (LWD). Therefore, to prevent B. cinerea incidence with climate control in order to reduce the impact of biocides in greenhouses and to reduce energy consumption, rather than using a risk averse low set point for relative humidity (RH) and biocide applications according to a calender scheme or a DSS, LWD must be controlled first. In the present paper, we therefore present a climate control regime based on LWD rules. Periods of condensation and drying of leaves are calculated with a greenhouse microclimate model, and according to that the greenhouse climate is controlled to avoid B. cinerea incidence. The system (microclimate model and climate regime) was implemented in a greenhouse climate and control model, and simulations with average Danish yearly climate data were performed. It was shown that high amounts of energy could be saved, especially in combination with a dynamic temperature regime.
MODEL AND CONTROL

Botrytis cinerea
In greenhouse environments, conidia of B. cinerea are always present (Kerssies, 1994) . The fungus sporulates on infected tissues under high relative humidity (RH) conditions, but usually does not invade healthy green tissue such as leaves and stems unless an injured or dead area is present. Penetration occurs through wounds, except in tissues with low resistance as some flower petals (Kamoen, 2000) . However, lower leaves in the canopy are often attacked and then the fungus can spread. The spores contain little water and need to absorb it from the environment (Nederhoff, 1997) ; free moisture is probably necessary for fast germination and infection and moisture from condensation is ideal (Horst and Nelson, 1997) . In addition, a minimum LWD may provoke growth and development and after penetration, high humidity stimulates fungus growth. The disease cycle of B. cinerea can be used as starting point (Fig. 1) .
It was reported that necrotic Botrytis lesions occur on flower buds and petals when the RH is higher than 95% (Kerssies, 1994) . However, commonly greenhouses climate is only measured on few spots above the canopy. When RH is measured to 93% or more condensation is likely to occur on colder spots in the canopy (horizontal and vertical climate differences) and B. cinerea can be imminent when RH measurements are far below the dew point (Nederhoff, 1997) . When the critical LWD is met, the disease incidence increases with increasing LWD. However, spores are sensitive to desiccation and die after long low humidity conditions in the order of 60% RH (Nederhoff, 1997) ; but after short periods of dryness (less than 2 hours) spores continue germinating when leaf wetness occurs again (Nederhoff, 1997 ) and this effect is cumulative (Eden et al., 1996) .
Condensation
To calculate condensation as a qualitative measure (condensation yes or no), the leaf temperature (T l ) and the dew point (T dp ) are calculated for different heights in the canopy (z). For model building, equations were taken from literature and different equations were validated for different crops. However, the physical properties of single leaves are assumed to be the same for different leafy plants as chrysanthemum, roses or tomato. In that way, T dp can be calculated generally from a logarithmic function with the saturated vapour pressure and RH as input parameters (Zolnier et al., 2000) .
l s 10 dp (1) T l is determined by energy balance and can be computed according to Yu et al. (2001) with given stomata resistance (r s ); r s can be calculated according to Ball et al. (1987) as validated for rose leaves by Kim and Lieth (2003) .
with relative humidity at the leaf surface (RH s ), minimum stomatal conductance to water vapour at light compensation (b), CO2 partial pressure at the leaf surface (Cs), empirical coefficient (j), net photosynthesis rate (Pn) and atmospheric pressure (ρ). The boundary layer resistance (r b ) for a leaf can be roughly estimated from the Nusselt number (Nu) as proposed for potted chrysanthemums (Yang, 1995) .
with the average characteristic leaf dimension (l) and thermal diffusity (α). The dimensionless Nu number can be determined from the Grashof (Gr) and Reynolds (Re) numbers (Stanghellini, 1987) . Here, the numbers are parameterised for a tomato crop.
( )
with acceleration of gravity (g), coefficient of thermal expansion and kinematic viscosity of air (β and ν) and air velocity (u). T l is then calculated in different canopy layers (z) by integrating irradiative net fluxes, boundary layer resistance, stomata resistance, and vapour pressure deficit at the leaf surface (VPD s ) in the canopy. (7) with greenhouse air temperature (T a ), the leaf emissivity (ε), the Stefan-Boltzmann constant (σ), the specific heat capacity of the air (c p ), the psychrometric constant (γ), and the slope between saturated vapour pressure and air temperature (s). The leaf net absorption of short-wave radiation (R i (z)) is calculated as
in which Q is the incoming solar short wave radiation in the greenhouse (Wm -2 ), a and b are leaf absorbances for short and long-wave radiation, respectively (Yu et al., 2001) ; τ s and τ l are transmittances of the greenhouse cover for short and long-wave radiation, respectively. T cov/scr is the temperature of the greenhouse cover or screen exchanging longwave radiation between the leaf surface. The extinction of radiation as it passes through the canopy to heights z is calculated with the Lambert-Beer's law.
Leaf Surface Moisture Amount
Although the existence of leaf wetness can be estimated by these two parameters, the amount of water on the leaf surface has to be known in order to calculate the drying process of the leaves (desiccation). For that, the energy and mass balances of a canopy, the partitioning of the absorbed radiation into sensible and latent heat can be used (Weihong and Goudriaan, 2000) . In that way, the amount of dew on a leaf is expressed energetically and integrated over time. The latent heat flux (λE) is calculated for different levels in the canopy (as with temperature) using the following equation according to Monteith and Unsworth (1990) .
Climate Control
To control B. cinerea, LWD must stay below a certain limit. The LWD threshold was set according to that (i.e. maximum of three hours) and integrated over time t and canopy depths z to LWD(t,z) (Körner and Challa, 2003b) . Leaves were assumed to be wet when simulated leaf temperature was lower than T dp +1.5°C (Zhang et al., 1997) . Then, accumulated dew on the leaves was calculated according to the energy balance and integrated over time. The three column matrix (i.e. three canopy depths) of dew amount was used for further calculations. When the value of one column of the integrated matrix exceeded a certain LWD threshold, climate control actions were taken to decrease greenhouse RH. The RH set point was then set to a maximum of 60%. However, the set point decreased with number of wet leaf layers. Integration of desiccation time started after the integrated energy balance reached equilibrium. Desiccation time then depended on integrated evaporation rate, since the effect of desiccation depends on its strength; when the time of desiccation was too short to kill the spores (i.e. newly dew formation), integration of leaf wetness proceeded with the preceding period.
Simulations
A greenhouse climate and control simulator for a standard 1-ha Venlo-type greenhouse was used to simulate greenhouse climate and energy consumption. The simulator was connected to a set-point generator optimised for temperature integration and humidity control implemented in MATLAB 6.12. Simulations were performed for a Danish reference year as input to the greenhouse climate and control simulator. Set points for heating temperature, ventilation temperature, relative humidity and CO 2 were supplied to the simulator. The simulator calculated greenhouse climate in a time-step of 2 minutes and controls (heating and ventilation) were re-adjusted every 5 minutes . Simulations were performed for a short-day chrysanthemum crop with 11-h day period (no assimilation light was used). RH was set fixed to 80% or the Botrytis based regime was used; temperature set points were either fixed (19.5°C, 20.5°C; heating and ventilation, respectively) or a 6-day temperature integration procedure with a 8°C temperature bandwidth was applied (Körner and Challa, 2003a) ; targeted mean temperature over the 6 days was set to 20°C. CO 2 was supplied from a buffer up to 1000 ppm during day when ventilation windows were closed.
RESULTS
Energy Saving
Compared to a fixed relative humidity set point of 80%, annual energy consumption was strongly reduced with the dynamic Botrytis based humidity regime (Table 1) ; around 20% less energy was used. Combining the dynamic humidity regime with a dynamic temperature integration regime showed a yearly energy saving potential of 25%. The highest energy savings were attained between October and April when energy absolute energy consumption was high (Fig. 2) ; and relatively the highest energy saving with up to 40% per month were achieved in spring and autumn (Table 2 ). An interaction in energy saving percentages between temperature regime and humidity regime was distinct.
Greenhouse Climate and Microclimate
The greenhouse relative humidity was higher for the dynamic humidity regime; an example of a four-day period beginning of April is given (Fig. 3) . Control of RH with a set point of 80% in the regular regime yielded in lower values than with the dynamic regime, although levels above 90% RH occur. Leaf condensation happened with both regimes, but is more frequent with the dynamic regime. Here, leaf wetness was sometimes longer than the 3-hour control threshold, which indicates that the greenhouse climate control equipment was not capable in reducing the relative humidity level to the needs.
DISCUSSION
In the present paper, a first step towards a model based humidity regime in order to avoid grey mould incidence was illustrated. A combination of qualitative detection of condensation by the difference between dew point and leaf temperature, and the quantification of the dew formed with the aid of a microclimate based warning model for integrated control has been developed before (e.g. Tantau and Lange, 2003) . However, these concepts were not integrated into a climate control regime directly influencing the set points of the climate computer. In the present concept it could be shown that energy consumption could be reduced strongly when a dynamic humidity regime was used directly combined with a climate computer. This has already been shown earlier and was validated with experiments (Körner and Challa, 2003b; Körner and Challa, 2004) . In those reports, however, the biology of the B. cinerea fungus was only roughly taken into account, no simulation of dryness period with the leaf energy balance was used (i.e. only qualitatively) and a simple microclimate model was used. In contrary to that, a more advanced microclimate model was used in the present regime.
Since probably latent infections may be involved in fungus development (Løschenkohl, 1995) , i.e. the symptoms appear some time after infection, the use of this system in practice is still to be investigated thoroughly and especially with post harvest evaluation. In addition, the microclimate model and the B. cinerea infection model must be tested in extensive experiments before it can be implemented into practice. However, the presented approach forms the basis for a model based humidity regime as implementation to a climate control computer in the near future. e. leaves are assumed to be wet when a value is lower than 0°C); a temperature integration regime (6-days; ±4°C) was used and a fixed relative humidity set point of 80% (grey) and the Botrytis based dynamic humidity regime (black).
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